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Because messenger RNAs without a stop codon
(nonstop mRNAs) generate stalled ribosomes, cells
have developed a mechanism allowing degradation
of nonstop mRNAs and their translation products
(nonstop proteins) in the cytosol. Here, we observe
the fate of nonstop proteins destined for organelles
such as the endoplasmic reticulum (ER) and mito-
chondria. Nonstop mRNAs for secretory-pathway
proteins in yeast generate nonstop proteins that
become stuck in the translocator, the Sec61 com-
plex, in the ER membrane. These stuck nonstop
secretory proteins avoid proteasomal degradation
in the cytosol, but are instead released into the ER
lumen through stalled ribosome and translocator
channels by Dom34:Hbs1. We also found that
nonstop mitochondrial proteins are cleared from
the mitochondrial translocator, the TOM40 complex,
by Dom34:Hbs1. Clearance of stuck nonstop pro-
teins from organellar translocator channels is crucial
for normal protein influx into organelles and for
normal cell growth, especially when nonstop mRNA
decay does not function efficiently.
INTRODUCTION
Cells are at a constant risk of generating deteriorated gene tran-
scripts such as mRNAs lacking a stop codon. These so-called
nonstop mRNAs would lead to translation of nonstop aberrant
proteins as well as accumulation of stalled ribosome-nascent
chain (RNC) complexes, hampering efficient translation. Cells
have therefore developed an elaborate system to eliminate
nonstop transcripts via a pathway called nonstop decay (NSD)
(Frischmeyer et al., 2002; van Hoof et al., 2002) and nonstop
proteins via proteasomal degradation (Bengtson and Joazeiro,Cel2010). In the cytosol of Saccharomyces cerevisiae, nonstop
mRNA is degraded mainly in the 30/ 50 direction by the cyoto-
plasmic exonuclease or exosome, which is recruited by Ski7 and
functions in cooperation with the Ski complex containing the
putative RNA helicase Ski2 (Frischmeyer et al., 2002; van Hoof
et al., 2002; Araki et al., 2001; Wang et al., 2005). Cytosolic
elimination of nonstop proteins from RNC complexes involves
ubiquitination by the E3 ubiquitin ligase Ltn1 (Rkr1; Listerine in
mammals) followed by proteasomal degradation (Bengtson
and Joazeiro, 2010; Ito-Harashima et al., 2007). The Dom34-
Hbs1 complex (Dom34:Hbs1) was reported to recognize stalled
ribosomes due to defective mRNAs (Doma and Parker, 2006)
and to promote their subunit dissociation and release of
peptidyl-tRNA in vitro (Shoemaker et al., 2010; Pisareva et al.,
2011; Kobayashi et al., 2010) and in vivo (Tsuboi et al., 2012),
which could allow subsequent reinitiation of translation upon
degradation of faulty transcripts. Dom34:Hbs1 was reported to
eliminate defective 18S ribosomal RNA, also a cause of ribo-
somal stalling (Cole et al., 2009).
In contrast, little is known about the fate of nonstop proteins
targeted to organelles including the endoplasmic reticulum
(ER), the entry site for the secretory pathway, and mitochondria.
Proteins for secretory pathways cross the ER membrane
through the import channels of the Sec61 complex in the ER
membrane predominantly in a cotranslational manner (Rapo-
port, 2007), whereas mitochondrial proteins utilize the TOM40
complex in the mitochondrial outer membrane (Neupert and
Herrmann, 2007; Chacinska et al., 2009; Endo and Yamano,
2009), respectively. We found here that RNC complexes, stalled
at translocators in the ER or mitochondrial membranes due to
nonstop mRNA, are at a constant potential risk of occupying
the import channels, thereby blocking normal protein flux into
the ER or mitochondria. We show that the stuck nonstop
proteins in the ER or mitochondria are rapidly eliminated from
the translocators by efficient release into the organellar inte-
rior by the nonstop mRNA surveillance system comprising
Dom34:Hbs1, especially when Ski2- or Ski7-mediated NSD is
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Figure 1. A Signal Sequence Directs a CPY Variant Produced from
Nonstop mRNA to the Secretory Pathway
(A) A schematic representation of transcripts of the CPY reporter genes and
their predicted protein products.
(B) Total cell extracts were prepared from wild-type cells expressing DSP-
CPY-ns or CPY-ns from the GPD1 promoter, which had been incubated in the
absence or presence of 100 mMMG132 for 1.5 hr at 30C, and were analyzed
by SDS-PAGE and immunoblotting to detect CPY derivatives. C, cytosolic
form; E, ER form; V, vacuolar form.
(C) Wild-type (wt) or pep4D cells expressing HA-tagged CPY-ns from the
GPD1 promoter were pulse-labeled with 35S-amino acids for 10 min and
chased for the indicated times at 30C. HA-tagged CPY-ns was immunopre-
cipitated and analyzed by SDS-PAGE and radio imaging. We confirmed that
the attached HA did not affect generation of vacuolar forms (data not shown).
E, ER form; V, vacuolar form.RESULTS AND DISCUSSION
Fate of Nonstop Secretory Proteins
To assess the fate of nonstop secretory proteins in yeast cells,
we constructed reporter genes encoding vacuolar carboxypep-
tidase Y (CPY or PRC1 gene product) (Stevens et al., 1982) and
its nonstop variant (CPY-ns), containing translatedCYC1 30-UTR
including Lys repeats encoded by the poly(A) tail in mRNA (Fig-
ure 1A). When expressed in yeast cells (the prc1D mutant was
used as a parental [wild-type] strain throughout this study),
CPY-ns generates a 71-kDa ER form by signal sequence
cleavage and ER glycosylation (E), and a 60-kDa vacuolar form
by cleavage of the pro domain in vacuoles (V). These forms
were all little affected byMG132, an inhibitor for cytosolic protea-
somes (Figure 1B). Pulse-chase experiments showed that ex-
pressed CPY-ns first appeared as an ER form (E), and was
then converted to a 60-kDa form (V), which was not generated
in pep4D cells lacking vacuolar Pep4 protease. This suggests
that the 60-kDa form arose from the vacuolar-processed frag-
ment of CPY-ns (Figure 1C). As a control, CPY-ns lacking a
signal sequence (DSP-CPY-ns), capable of generating stuck
ribosomes or RNC complexes in the cytosol, was efficiently
degraded by proteasome because its level was increased by
the presence of MG132 (Figure 1B). Thus, in contrast to nonstop
cytosolic proteins, CPY-ns does not proceed to proteasomal
degradation, but is released from the stalled ribosome into the
ER lumen for vacuolar delivery.
It was reported that Ski7 and Ski2 are required for defective
mRNA degradation (Frischmeyer et al., 2002; van Hoof et al.,
2002) and Dom34:Hbs1 for dissociation of stalled ribosomes
and peptidyl-tRNA release (Shoemaker et al., 2010; Kobayashi
et al., 2010; Pisareva et al., 2011; Tsuboi et al., 2012). We there-
fore tested the effects of Ski7, Ski2, and/or Dom34 gene deletion
on cell growth upon expression of nonstop proteins. CPY-ns,
DSP-CPY-ns, or authentic CPY was expressed in wild-type
(wt), ski7D, dom34D, dom34Dski7D, and dom34Dski2D cells at
23C and 30C (Figure 2A). Expression of CPY-ns, not DSP-
CPY-ns or CPY, retarded cell growth in dom34Dski7D and
dom34Dski2D cells. Growth defects were more pronounced at
23C than 30C. When we expressed another nonstop secretory
protein, i.e., a nonstop GFP fusion protein with a BiP signal
sequence (BiPSP-GFP-ns) in the dom34Dski7D background,
we obtained essentially the same results as CPY-ns for defective
cell growth (Figure S1A).
Clearance of Nonstop Protein from the ER Translocator
by Dom34:Hbs1
It is surprising that deletion of theDOM34 gene, together with the
SKI7 or SKI2 gene, caused severe growth defects upon overex-
pression of nonstop secretory proteins, but not of nonstop
cytosolic proteins. Why does the expression of nonstop secre-
tory proteins cause defective cell growth in the absence of
Dom34:Hbs1 with the ski7D or ski2D mutation? We found that
expression of CPY-ns, not DSP-CPY-ns or CPY, from the
GPD1 promoter was associated with accumulation of precursor
forms of an ER protein, namely protein disulfide isomerase (PDI),
and a secretory protein, pro-a-mating factor (paF) in dom34D
ski2D, dom34Dski7D, and hbs1Dski7D cells like in sec71D cells,448 Cell Reports 2, 447–453, September 27, 2012 ª2012 The Authorwhich are defective in protein translocation across the ER
membrane (Figure 2B). Cell fractionation showed that the
precursor form of PDI accumulated in the cytosol (Figure S2A).
When we expressed the nonstop GFP fusion protein with the





























































































































Figure 2. Expression of a CPY Variant from
Nonstop mRNA Causes Defective Cell
Growth and ER Protein Influx in dom34D
ski7D Cells
(A) Saturated cultures of the indicated cells
harboring an empty vector or expressing the indi-
cated proteins from the GPD1 promoter were
diluted with 10-fold increments. Eight microliters
of each dilution was spotted on SCD plates and
incubated at 23C for 3 days or 30C for 2 days.
(B) Cell extracts prepared from the indicated
cells expressing the indicated proteins from the
GPD1 promoter were analyzed by SDS-PAGE and
immunoblotting using the indicated antibodies.
Cell extracts prepared from the sec71D mutant
were used as a positive control for the ER trans-
location defect. g, glycosylated form in the ER;
p, precursor form in the cytosol.
See also Figures S1 and S2.we observed similar accumulation of the precursor forms of PDI
and paF (Figure S1B). This suggests that expression of nonstop
secretory-pathway proteins apparently impairs the normal pro-
tein flux into the ER by blocking the function of the ER transloca-
tor in the absence of Dom34/Hbs1 upon SKI2/SKI7 deletion.
Lack of a stop codon in CPY-ns will yield peptidyl-tRNA
complexed with a ribosome, which may be able to block the
translocator channels in the ER membrane in the absence of
Dom34:Hbs1 in the ski7D or ski2D mutant strains. The vacuole
delivery of CPY-ns in wild-type cells in turn indicates that release
of peptidyl-tRNA should have occurred. Because previous
in vitro studies have shown that Dom34:Hbs1 promotes pep-
tidyl-tRNA drop-off from stalled ribosomes (Shoemaker et al.,
2010), we tested if Dom34:Hbs1 is required for release of CPY-
ns in vivo. To show this, we analyzed the extracts prepared
from dom34D cells and wild-type cells expressing FLAG-tagged
CPY-ns (CPY-FLAG-ns) or CPY (CPY-FLAG) by immunoprecip-
itation followed by SDS-PAGE at neutral pH (NuPAGE) and
immunoblotting with anti-CPY antibodies. We found that the
dom34D cell extracts with CPY-FLAG-ns, but not with CPY-
FLAG, contained a CPY species with a molecular weight 25–
30 kDa larger than that of CPY-FLAG-ns (Figure 3A). This more
slowly migrating band was not observed after RNase A treat-
ment of the extracts (Figure 3A), suggesting that the band
most likely arose from CPY-FLAG-ns attached to tRNA (CPY-
FLAG-ns-tRNA).Cell Reports 2, 447–453, SeWhy is simultaneous inactivation of
Ski7 (or Ski2) with Dom34 required for
generation of a slow growth phenotype
in cells expressing nonstop secretory-
pathway proteins? Because nonstop
protein levels may well depend on the
efficiency of nonstop mRNA degradation
by NSD, Ski7 and Ski2 might merely act
to decrease levels of nonstop secretory
pathway proteins. This was indeed the
case. Although CPY-ns mRNA was effi-
ciently degraded in wild-type cells byNSD, its stability increased 3-fold in ski7D cells, but not in
dom34D cells (Figure S3). These results indicate that the dele-
tion of the SKI7 or SKI2 gene primarily increases the level of
CPY-ns mRNA and its translation products, thereby making
the effects of stalled CPY-ns most prominent in dom34D or
hbs1D cells. The relative amount of CPY-FLAG-ns-tRNA to
CPY-FLAG-ns increased in dom34Dski7D cells, when compared
with dom34D cells (Figure 3A). This likely reflects the increased
level of CPY-ns-tRNA due to impaired NSD by deletion of SKI7.
We noted that CPY-FLAG-ns-tRNA as well as CPY-FLAG-ns
in the extracts of dom34Dski7D cells gave rise to broad bands
onNuPAGE gels. Upon treatment with endoglycosidase H, these
broad bands coalesced into single distinct bands migrating
slightly faster than the lowest parts of the broad bands (Fig-
ure 3B). These results imply that fractions of CPY-FLAG-ns-
tRNA in stalled RNCs and CPY-FLAG-ns released from ribo-
somes into the ER lumen are heterogeneously N-glycosylated
in the ER lumen. Therefore, although the C terminus of CPY-
FLAG-ns-tRNA still remains at the peptidyl-transferase center
within the ribosome, the N-terminal segment has already
reached the ER lumen to receive glycosylation, i.e., the CPY-
FLAG-ns-tRNA spans the ER membrane and is stuck at the ER
translocator or the Sec61 complex.
To confirm further if CPY-FLAG-ns is stalled at the ER translo-
cator i.e., the Sec61 complex, in the absence of Dom34 and/or
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Figure 3. CPY-ns-peptidyl-tRNA Formed in
dom34Dski7D Cells Is Stalled at the ER
Translocator
(A) Cell extracts prepared from the indicated cells
expressing the indicated proteins from the GPD1
promoter were subjected to immunoprecipitation
with anti-FLAG agarose. Proteins recovered with
agarose beads were incubated in the presence (+)
or absence () of 100 mg/ml RNase A. Proteins
were analyzed by NuPAGE and immunoblotting
using anti-CPY antibodies. The ratios of the
amounts of CPY-FLAG-ns-tRNA and CPY-FLAG-
ns are shown below the panels. ns-tRNA,
CPY-FLAG-ns-tRNA; ns, CPY-FLAG-ns; stop,
CPY-FLAG; asterisk, vacuolar processed form of
CPY; double asterisk, unknown species generated
in ski7D cells.
(B) The indicated proteins immunoprecipitated as
in (A) were treated with (+) or without () endo-
glycosidase H (Endo H) for 40 min at 37C and
analyzed as in (A).
(C) Crude membrane fractions prepared from the
indicated cells expressing the indicated proteins
were solubilized with 1% digitonin and sub-
jected to immunoprecipitation with anti-FLAG
agarose. Proteins recovered with agarose beads
(IP: aFLAG) and 2% of the solubilized membranes
prior to immunoprecipitation (Input) were analyzed
by NuPAGE and immunoblotting using the indi-
cated antibodies.
(D) Crude membrane fractions prepared from
dom34Dski7D cells expressing CPY-FLAG-ns
from the GPD1 promoter were treated with
dimethyl sulfoxide (DMSO), 200 mM dithiobis
(succinimidyl) propionate (DSP), or 200 mM succi-
nimidyl 3-(2-pyridyldithio)propionate (SPDP) for
1 hr on ice. Then membrane fractions were solu-
bilized with 1% SDS to break noncovalent inter-
actions, diluted with 1% digitonin, and subjected
to immunoprecipitation with anti-FLAG agarose.
Recovered proteins (IP: aFLAG) had the cross-
linking reversed by b-mercaptoethanol in the SDS
sample buffer and analyzed as in (C).
(E and F) ski7D and dom34Dski7D cells expressing
CPY-FLAG-ns were harvested at the indicated
times after the addition of 200 mg/ml of cyclohex-
imide. Crude membrane fractions were analyzed
as in (C) and coprecipitated Sec61 was quantified
(F). Error bars represent SD.
See also Figures S2, S3, and S4.their association with the Sec61 complex by coimmunoprecipi-
tation and chemical crosslinking. Sec61 was coimmunopre-
cipitated with CPY-FLAG-ns, but not with CPY-FLAG in the
absence of Dom34 and/or Ski7 after solubilization of the mem-
branes (Figures 3C and S2C). Association of CPY-FLAG-ns
with Sec61 was also confirmed in dom34Dski7D cells by cross-
linking with bifunctional crosslinkers DSP and SPDP (Figure 3D).
Dom34 appears to recognize ribosomes stalled with nonstop
secretory proteins and promotes their release irrespective of
the presence of a poly(A) tail (Figure S4). Interestingly, associa-
tion of CPY-FLAG-ns with the Sec61 complex became signifi-
cantly stable in dom34Dski7D cells as compared with ski7D cells
even after 90 min of the block of protein synthesis by cyclohex-450 Cell Reports 2, 447–453, September 27, 2012 ª2012 The Authorimide (Figures 3E and 3F). Deletion of DOM34 therefore causes
prolonged occupation of CPY-FLAG-ns in the Sec61 channel,
blocking import of other secretory proteins into the ER in
dom34Dski7D cells. This, in turn, points to the predominant
role of Dom34:Hbs1 in the rapid clearance of nonstop secretory
proteins from the Sec61 complex, which is important for the
normal cell growth.
Nonstop Mitochondrial Proteins
Do nonstop proteins occupy only translocators in the ER
membrane? Mitochondria consist of 800–1,500 different pro-
teins, more than 99% of which are synthesized in the cytosol
and imported into mitochondria with the aid of translocators ins
the outer and inner mitochondrial membranes. Included in these
translocators is the general entry gate for mitochondrial proteins,
the TOM40 complex in the outer mitochondrial membrane (Neu-
pert and Herrmann, 2007; Chacinska et al., 2009; Endo and Ya-
mano, 2009). We screened for nonstop mitochondrial proteins
that affect cell growth in dom34Dski7D cells (Table S1), and
picked out two mitochondrial proteins, Leu9 (a-isopropylmalate
synthase) and Shm1 (serine hydroxymethyltransferase) for the
following analyses.
First, we tested the effects of proteasome inhibitor MG132 on
the levels of nonstop mitochondrial proteins. The levels of FLAG-
tagged Leu9-ns (Leu9-FLAG-ns) and FLAG-tagged Shm1-ns
(Shm1-FLAG-ns) increased only 1.6- and 1.4-fold, respectively,
by addition of MG132, in contrast to the level of nonstop protein
(GFP-ns) expressed in the cytosol (Figure 4A). This suggests
that nonstop mitochondrial proteins are not degraded efficiently
by cytosolic proteasomes. Expression of Leu9-FLAG-ns and
Shm1-FLAG-ns, but not their counterparts with normal termina-
tion specified by stop codons in mRNA (Leu9-FLAG and Shm1-
FLAG), showed growth defects at 30C under the ski7D and
dom34Dski7D backgrounds (Figure 4B). These growth defects
were accompanied by accumulation of the precursor form of
mitochondrial Hsp60 in the cytosol (Figures 4C and S2B), sug-
gesting that Leu9-ns and Shm1-ns occupy the mitochondrial
translocator channels. We also confirmed by coimmunoprecipi-
tation (Figures 4E and S2D) and crosslinking with DSP and SPDP
(Figure 4F) that a fraction of Leu9-ns forms a peptidyl-tRNA
(Leu9-FLAG-ns-tRNA) (Figure 4D) and that Leu9-FLAG-ns, not
Leu9-FLAG, is associated with the channel protein Tom40. In
contrast to the nonstop secretory-pathway proteins, nonstop
mitochondrial proteins are capable of blocking the Tom40 import
channels in the absence of only Ski7 (Figure 4C), which also
results in retarded cell growth (Figures 4B). These results indi-
cate that the increased levels of nonstop proteins alone have
a more significant impact on protein flux into mitochondria
than on protein flux into the ER. The reason for this may be
related to the difference in nonstop protein expression levels
and that in the numbers of translocators between the ER and
mitochondria (the Sec61 complex is 10-fold more abundant
than the TOM40 complex; Dekker et al., 1998; Ghaemmaghami
et al., 2003). Nevertheless, absence of both Dom34 and Ski7
results in prolonged occupation of Leu9-FLAG-ns in the Tom40
channels as compared with the absence of only Ski7 (Figures
4G and 4H), pointing to the important role of Dom34:Hbs1 in
the rapid clearance of nonstop secretory proteins from the
TOM40 complex.
Conclusions
Yeast cells are equipped with an elaborate system capable of
dealing with nonstop mRNA. Faulty nonstop mRNA is degraded
by exosomes in cooperation with Ski7 and the Ski complex.
However, if this process does not work efficiently, levels of
aberrant nonstop translation products go up, which will occupy
translating ribosomes and/or translocators in the organellar
membranes. To clear these stalled RNCs on the organellar
surface, the stuck nonstop proteins may be released from the
ribosome by the action of Dom34:Hbs1 in a similar manner to
the case of stalled RNCs in the cytosol (Shoemaker et al.,Cel2010; Tsuboi et al., 2012). This release of the nonstop proteins
from the ribosome by Dom34:Hbs1 on the organellar surface
is associated with hydrolysis of a peptidyl-tRNA linkage by
unknown esterase activities. Dom34:Hbs1 thus instantaneously
clears the organellar translocator channels as well, resulting in
accumulation of the released organellar nonstop protein in the
organellar interior. Released nonstop proteins avoid proteaso-
mal degradation in the cytosol, but are likely subjected to the
quality control system operating within the organelles. Impor-
tantly, because overexpression of nonstop secretory or mito-
chondrial proteins, but not of nonstop cytosolic proteins, with
defective NSD and Dom34:Hbs1 functions, cause defects in
cell growth, clearance of stalled translocators by Dom34:Hbs1
as well as reduction of nonstop organellar proteins appears
more crucial for normal cellular functions than that of stalled
ribosomes in the cytosol. This suggests that the number of avail-
able organellar translocators is a greater limiting factor than
the number of available cytosolic ribosomes under the present
growth conditions. Clearance of the clogged organellar translo-
cator channels by Dom34:Hbs1 especially at the ER membrane
functions therefore as an important fail-safe mechanism for
degradation of nonstop mRNA to maintain cellular homeostasis
by attaining normal protein flux into organelles.
EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids
The strains, plasmids, and antibodies used in this study are listed and
described in Tables S2, S3, and S4. Yeast gene disruption mutants were con-
structed as described previously (Izawa et al., 2012). Yeast cells were grown in
SC (0.67% yeast nitrogen base without amino acids, 0.5% casamino acids,
2% glucose or 2% lactate) medium supplemented with 20 mg/ml tryptophan
and 20 mg/ml adenine sulfate at 23C or 30C.
The plasmid, pIZN1, for expression of nonstop mRNA in yeast was con-
structed by removing all in-frame stop codons from the CYC1 terminator of
p416GPD (Mumberg et al., 1994). The introduced mutations did not affect
the poly(A) attachment site. A DNA fragment encoding the 33 FLAG tag
sequence was inserted into the HindIII and ClaI sites of p416GPD and pIZN1
to generate pIZ7 and pIZNF1, respectively.
Detection of Peptidyl-tRNA
One hundred OD600 cells were harvested from mid-log phase cultures by
centrifugation, washed with 10 mM NaN3, and suspended in 20 mM Tris-
HCl pH 6.8, 150 mM NaCl and protease inhibitor cocktail (Izawa et al.,
2012). Cells were disrupted by agitation with glass beads followed by addition
of Triton X-100 to 2%. Insoluble materials were removed by centrifugation at
22,000 3 g for 20 min at 4C. The resulting protein extracts were incubated
with anti-FLAGM2 agarose (Sigma-Aldrich) for 2 hr at 4C. Proteins recovered
with agarose beads were solubilized in 50 mM Tris-HCl pH 6.8 and 2% SDS,
incubated in the presence or absence of 100 mg/ml RNase A for 20 min at
37C, and treated with RNAsecure (Ambion). Endo H digestion was performed
as described previously (Izawa et al., 2012). The samples were subjected to
NuPAGE Bis-Tris gel (Invitrogen) electrophoresis with MOPS-SDS running
buffer, and analyzed by immunoblotting using antibodies against CPY or the
FLAG tag.
Miscellaneous
Pulse-chase experiments, coimmunoprecipitation, and immunoblotting were
performed as described previously (Izawa et al., 2012). For coimmunoprecipi-
tation, membranes were solubilized in 20 mM Tris-HCl pH 6.8, 150 mM NaCl,
1% digitonin. For chemical crosslinking, membranes were suspended in
20 mM HEPES-KOH pH 6.8, 150 mM NaCl and treated with chemical cross-
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Figure 4. Stalling of Leu1-FLAG-ns and Shm1-FLAG-ns at the Mitochondrial Translocator Causes Defective Cell Growth and Mitochondrial
Protein Influx in ski7D and dom34Dski7D Cells
(A) Total cell extracts were prepared from wild-type (wt) cells expressing the indicated proteins from the GPD1 promoter, which had been incubated in the
presence or absence of 100 mMMG132 for 1.5 hr at 30C, and proteins were analyzed by SDS-PAGE and immunoblotting using an anti-GFP antibody or the anti-
FLAGantibody. Relative amounts of nonstop proteinswere quantified. The amount of each protein in the presence ofMG132was set to 1. Error bars indicate SDs.
(B) Saturated cultures of the indicated cells harboring an empty vector or a vector expressing the indicated proteins from the GPD1 promoter were diluted with
10-fold increments. Eight microliters of each dilution was spotted on SCD plates and incubated at 30C for 2 days.
(C) Cell extracts prepared from the indicated cells expressing the indicated proteins from the GPD1 promoter were analyzed by SDS-PAGE and immunoblotting
using the indicated antibodies. p, precursor; m, mature form.
(D) Cell extracts prepared from the indicated cells expressing Leu9-FLAG-ns from the GPD1 promoter were subjected to immunoprecipitation with anti-FLAG
agarose. Proteins recovered with agarose beads were incubated in the presence (+) or absence () of 100 mg/ml RNase A. Proteins were analyzed by NuPAGE
and immunoblotting using the anti-FLAG antibody. ns-tRNA, Leu9-FLAG-ns-tRNA; ns, Leu9-FLAG-ns.
(E) Crude membrane fractions prepared from the indicated cells expressing the indicated proteins from the GPD1 promoter were solubilized with 1% digitonin
and subjected to immunoprecipitation with anti-FLAG agarose. Proteins recovered with agarose beads (IP: aFLAG) and 2% of the solubilized membranes prior to
immunoprecipitation (Input) were subjected to NuPAGE and analyzed by immunoblotting using the indicated antibodies. ns-tRNA, Leu9-FLAG-ns-tRNA; ns,
Leu9-FLAG-ns; stop, Leu9-FLAG.
(F) Crude membrane fractions prepared from dom34Dski7D cells expressing Leu9-FLAG-ns from the GPD1 promoter were treated with DMSO, 200 mMDSP, or
200 mMSPDP for 1 hr on ice. Then membrane fractions were solubilized with 1% SDS to break noncovalent interactions, diluted with 1% digitonin and subjected
to immunoprecipitation with anti-FLAG agarose. Recovered proteins (IP: aFLAG) had the crosslinking reversed by b-mercaptoethanol in the SDS sample buffer
and analyzed as in (E).
(G and H) The indicated cells expressing Leu9-FLAG-ns were harvested at the indicated times after the addition of 200 mg/ml of cycloheximide. Crudemembrane
fractions were analyzed as in (E) and copurified Tom40 was quantified (H). Error bars represent SD.
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previously (Daum et al., 1982) were suspended in 20 mMMOPS-KOH pH 7.2,
0.7 M sorbitol, 1 mM EDTA and protease inhibitor cocktail, homogenized, and
fractionated by centrifugation at 22,000 3 g for 30 min. mRNA stability was
determined as described previously (Tsuboi et al., 2012).
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